action of p-hydroxybenzoic acid esters (parabens) on Escherichia coli JE 1011 was investigated under mild heating conditions, from the viewpoint of membrane disorder or degradation.
Introduction p-Hydroxybenzoic
acid esters (parabens) are excellent preservatives from the viewpoints of pH-stability and wide antimicrobial spectrum. The antimicrobial activities of parabens toward Escherichia coli have been shown to be enhanced by mild heating1). In particular, butyl-paraben showed bactericidal activity at 50, in contrast with its weak antimicrobial activity at 30. We considered that the effect might have resulted from increased permeation of parabens owing to injury to the membrane induced by heating1), as well as membrane disorder induced by parabens themselves2).
In this paper, we deal with the changes of membranes induced by heating in the presence or absence of butyl-paraben, and discuss their relation to the antimicrobial activity.
Materials and Methods

Chemicals
Methyl-, ethyl-, n-propyl-and n-butyl-parabens were the products of Tokyo Kasei Co., Ltd. (Tokyo). Phospholipase A2 (EC 3.1.1.4, from porcine pancreas) was purchased from Boehringer Mannheim Yamanouchi Co., Ltd. (Tokyo). L-a-Phosphatidylethanolamine (PE, from E. coli), La-phosphatidylglycerol (PG, from egg yolk), cardiolipin (CL, from bovine heart) and palmitic acid were purchased from Sigma Chemicals Co., Ltd. (St. Louis). Lysophosphatidylethanolamine was prepared from PE by using phospholipase A2 according to Doi and Nojima3 Culture and heat-treatment conditions Escherichia coli JE 10114 cells were cultured to the mid-logarithmic phase in the nutrient broth2). The cells were harvested and washed twice with water, and resuspended in 0.05M phosphate buffer (pH 7.0) to give an absorbance of 0.4 at 660nm.
The cell suspensions were heated at 45, 48 or 50 in the presence or absence of butyl-paraben.
The control experiment was similarly carried out at 30.
Determination of fatty acid and phospholipid compositions
Lipids were extracted from each cell suspension after 30min of heating according to the method of Bligh and Dyer5). The lipid fractions were methylated by the use of 0.1M sodium methoxide solubilized in methanol, and fatty acid composition was determined in a Shimadzu GC-4A gas chromatograph.
In order to radiolabel the membrane lipids of E. coli, the growth medium was supplemented with 0.5M sodium [2-14C] acetate (25uCi). Cells were grown at 30 with vigorous shaking, harvested at the end of the logarithmic growth phase, washed with water and resuspended in 0.05M phosphate buffer, pH 7.0 (1/10 volume of culture).
The suspensions were heated in the presence or absence of butyl-paraben (400ug/ ml final concentration), for 30min. Lipids were extracted from each cell suspension with chloroform-methanol (2:1), and the solvent was evaporated off under a stream of nitrogen gas. After the addition of 100ul of chloroform-methanol (98:2), 10ul of each solution was applied to a Silica gel plate (Merck, type 60). A solution containing non-labeled phospholipid and fatty acid applied on the labeled sample, and the plate was developed in a solvent consisting of chloroform-methanol-acetic acid (65:25:10). The spots of lipids were detected by using iodine vapor after removal of the solvent. Each spot was collected, and the radioactivities were measured in an Aloka LSC-900 scintillation counter with 2,5-diphenyloxazole as the scintillator.
Electron microscopy
The cells of E. coli were doubly fixed in 2% GA and 1% OsO4 after heating with or without butyl-paraben for 30min. The cell pellets were washed with water 4 times, coagulated by agar, and cut into blocks of about 1mm3. The blocks were post-fixed in 1% UA for 1h. The materials were dehydrated through series of ethanol and acetone, and embedded in epoxy resin. Thin sections were prepared with an ultramicrotome, Sorval M-1. Sections were stained by the use of 2% LC and examined in a Hitachi H-500 electron microscope at an accelerating voltage of 75 kV.
Results and Discussion
Fatty acid composition of E. coli JE1011 treated with butyl paraben at various temperatures It has been reported that the antimicrobial action of parabens is enhanced by mild heating, and treatment above 48 produces a remarkable combined antimicrobial action with propyl-or butyl-paraben1).
Parabens, especially hydrophobic propyl-and butyl-parabens, have been shown to disorder the phospholipid of membranes, and to disintegrate the membranes at high concentration2).
So, in order to detect changes of the membrane, we examined the fatty acid composition of membrane lipid after heating in the presence of paraben.
The contents of short chain fatty acid (14:0) varied in each experiment, but no marked change of the overall fatty acid composition was found ( Table  1) . Various bacteria exhibit alterations of the fatty acid composition to maintain a constant membrane fluidity as the environmental temperature changes6)-8). Generally, bacteria show an increase of saturated fatty acid and a decrease of unsaturated fatty acid at high temperature, and vice versa at low temperature6)-8). Such adaptation was not seen in this experiment, although small changes of fatty acid composition were detected (Table 1) .
Change in phospholipid composition on heating
The change in phospholipid composition caused by heating was examined. The composition changed during mild heating. Above 45, CL increased with a corresponding decrease of PG (Fig. 1A) . It The spots were detected with iodine, and radioactivity was measured in an Aloka LSC-900 scintillation counter.
[A], paraben-free heating; [B] , heating in the presence of butyl-paraben (400ug/ml final concentration). On the other hand, the increase of CL was not observed in the presence of paraben at higher temperature.
In the presence of paraben, heating caused a slight increase of CL and a decrease of PG, but this phenomenon was not observed at 50 (Fig. 1 B) . It was suggested that CL synthesis from PG was inhibited by heating at 50 in the presence of paraben.
A decrease of PE and remarkable increases of free fatty acid (FFA) and lysophospholipid (LP) were observed, as the heating temperature was raised (Fig. 113) . From the increases of FFA and LP, membrane degradation was expected to have occurred.
Time courses of increases of FFA and LP during heating
The time courses of increases of FFA and LP were examined.
In the absence of butylparaben, a slight increase of FFA and LP was observed on heating at 50 ( Fig. 2A, B) . In the presence of paraben, FFA and LP increased linearly except in the case of the control treatment at 30 ( Fig. 2A, B) . The increases became greater as the heating temperature was higher.
Hardaway and Buller reported that an increase of FFA was observed in the cells of E. coli treated with ethylenediaminetetraacetate, and that phospholipase A in the outer membrane was activated by the treatment14). The increase of FFA by heating in the presence of paraben ( Fig. 2A) is similar to their result. Phospholipiddegrading enzymes in E. coli number about 915) They are probably responsible for the turnover of phospholipids15), and they exist ordinarily in a latent form, which is activated by a suitable stimulus. Among them, phospholipase A in the outer membrane is a heat-and detergentresistant enzyme16). The results in Fig. 2 A and  B suggested that the enzyme would be activated by heating in the presence of paraben and would It is known that the products, FFA and LP, also make the membranes unstable17).
Morphological changes of E. coli during heating in the presence or absence of butyl paraben The cells treated at 30 (control) and heated at 45 exhibited a typical cellular surface of E. coli (Fig. 3A, B) . The typical cellular surface is composed of three layers, that is, the outermost layer (outer membrane), a thin layer of peptidoglycan and an inner cytoplasmic membrane18). Heating at 48 or 50 caused morphological changes of cells such as formation of blebs, reflecting membrane disorder, and non uniformly stained cytoplasm ( Fig. 3C, D) .
On heating in the presence of butyl-paraben, the forms of cells changed markedly. The outer membrane and peptidoglycan layer were separated from the cytoplasmic membrane by heating at 45 (Fig. 4B) . The heating at 45 caused no change in paraben-free cells (Fig. 3B) . On heating at 48 or 50 in the presence of paraben, extensive membrane disintegration was observed, with appearance of membrane vesicles in the extended periplasmic space (Fig. 4C) , and many extracellular vesicles and vacant cytoplasmic space (Fig. 4D ). Such morphological changes seem to reflect the changes of membrane composition induced by heating with paraben.
The clear features of chromosomes found in cells heated with paraben ( Fig. 4A, B , C) might have resulted from the quick permeation of fixing reagents, but the reason has not been established.
Bacterial membranes are integrated systems which degrade under certain conditions15). Bacteria adapt to environmental conditions within the range of their physiological capability. However, in our experiment, change of fatty acid composition, which is a common adaptation to change of external temperature, was not observed (Table 1) , though an increase of CL, which stabilizes membranes, was recognized on paraben-free heating ( Fig. 1 A) . On the other hand, no adaptation was recognized on heating in the presence of paraben (Fig. 1B) . On the contrary, phenomena typical of destabilized membranes were observed, such as the increases of FFA and LP (Fig. 1 B) and membrane degradation ( Fig. 2A and B ). From the above results and discussion, we arrived at the following conclusion. Membrane disorder induced by parabens themselves, membrane degradation by endogenous phospholipase A activated by heating in the presence of parabens, and membrane destabilization by the products of enzyme action all contribute to cause cell death of E. coli exposed to the combination of parabens and heating.
